The effect of grain boundary migration on the tracer concentration depth profiles that develop during a diffusion experiment is evaluated. An expression for the average tracer concentration within a plane at depth x and time t for a boundary migrating with velocity V is derived. This average concentration is compared to that expected for a stationary boundary. Results indicate that considerable errors in both the magnitude and temperature dependence of the apparent diffusion coefficient may arise if grain boundary migration is neglected. 
average concentration is compared to that expected for a stationary boundary. Results indicate that considerable errors in both the magnitude and temperature dependence of the apparent diffusion coefficient may arise if grain boundary migration is neglected. Fisher's solution is approximate, the Whipple solution exact. In contrast, Suzuoka modelled diffusion of a finite amount of tracer into the material by grain boundary and lattice diffusion in the absence of surface diffusion accomodated tracer redistribution.
All three solutions yield expressions for the tracer concentration as a function of depth below the surface x, distance normal to the boundary plane y, and anneal time t. These expressions may be used to deduce the average tracer concentration within a plane at a depth x below the surface at time t. Alternatively, shapes of isoconcentration contours may be calculated as a function of the boundary diffusivity:lattice diffusivity ratio. Finally, grain boundaries with non-perpendicular free surface intersections experience a driving force for migration 10
The extent of grain boundary migration will depend on several factors. The range of annea~ temperature will obviously be important.
Reduction in grain boundary migration with decreasing temperature may introduce an apparent temperature dependence to the activation energy for boundary diffusion. Average grain size as well as grain size distribution will affect the driving force for migration. Sample purity may modify boundary mobility, and affect grain boundary migration rates.
Study to study variations in any of these factors may contribute to scatter in reported or extrapolated boundary diffusivities.
The ensuing theoretical treatment assesses grain boundary migration effects on tracer penetration. An expression is derived describing the average tracer concentration within a plane at depth x at time t for a boundary migrating with velocity V. This average concentration is compared to that expected for a stationary boundary. The modifying effect of a temperature dependent boundary velocity (mobility) on the apparent temperature dependence of the boundary diffusivity is evaluated. Although the results are most nearly applicable to grain boundary self-diffusion, the indicated trends and effects are expected to man1fest themselves in a broader range of situations. 8 . . 
The partial differential equation a~d associated equations (2)- (4) are identical in form w1th those for unsteady state diffusion in one direction coupled with first order reaction within semi-iniinite solids.
The solution for the latter problem is available 11 and can be used for the present case:
This equation gives the concentration at position x in the grain boundary at time t. The quantity of tracer diffused into the boundary at time t is given by:
where Mt is the quantity per unit of grain boundary ar.ea perpendicular to the x-axis.
The quantity in parenthesis {} in Eq. 6 increases more rapidly than vl on increasing V and consequently Mt is an increasing function of V.
In other words, movement of the grain boundary increases the total amount of tracer diffused into the solid.
Of greater experimental interest than Mt is the amount of tracer measured along a plane (say x = X) parallel to the surface of the solid, i.e., the quantity:
where C is the mean concentration in the plane and s is the separation between grain boundaries. The integral on the right of Eq. 7 can be 
which is consistent with the result obtained by substituting Eq. 8 = erfc ( z9I ) = erfc ( ; 4~t ) (13) for~ small., i.e., the classical result for unsteady state diffusion in one dimension into a semi-infinite solid.
Using these asymptotic solutions it is possible to discern the 
(15)
For low temperature, V and therefore \ are small and Eq. 13 applies. A plot of ln C against reciprocal temperature should yield the usual straight line of slope -EAD/2R.
For high temperature, V and A are large, and Eq. 12 applies.
Substituting (14) and (15) in (12) and taking logarithms:
Typically EAV > EAD and the last term on the right of this equation is negligible; a plot of ln C versus reciprocal temperature yields a straight line of slope -EAV/R. It should be noted that this also holds true for the case EAV = EAD and the slope is then twice the slope at low temperature.
Results:
The right hand side of Eq. 11 was evaluated using an IBM XT microcomputer. The error function was approximated using 7.1.26 of 12 Abramowitz and Stegun • The integrations were carried out by twelve point Gaussian quadrature. As a check on the precision of the integration. each integral was re-evaluated as the sum of two subintervals over ranges of A/2. Parameter values for which these two integrations differed by more than 37. are indicated by a dashed line in In each case, the apparent activation energy for the mean concentration (at fixed t and X) increases with temperature. The higher EAV' the more pronounced the change in activation energy.
;':
This result is partly a consequence of the assumption that lattice diffusion is negligible, however it is reasonable to conclude that in cases where the lattice diffusivity is well below the grain boundary diffusivity, even small grain boundary movements may be significant. This point is given further consideration in the Discussion. fixed, the temperature at which the activation energy increases shifts to higher temperature as EAV increases.
Discussion:
The analysis predicts that both the total tracer penetration and average tracer concentration at depth X increase due to grain boundary migration. The magnitude of the increase depends on the fraction of tracer within the boundary left in the boundary's wake, and the number of times a particular spatial coordinate (x,y) is passed by boundaries.
In the present analysis, the lattice concentration is assumed equal to that of the boundary when it passed the point; a modification to fractional dropoff is possible. Furthermore, it is assumed that each point is swept only once. Thus, the analysis is applicable to a situation where the extent of grain boundary migration L is less than the interboundary spacing s. It is specifically in this situation that grain growth during diffusion may be difficult to detect. values of C (X,t) to diffusivities, boundary migration will increase C (X,t) and WDb will be overestimated. If W is assumed to be of order one or two lattice parameters, Db will be overestimated. In contrast, if the measured value of WDb and a "known" value of Db for a stationary boundary are compared, a large apparent boundary width is suggested.
In contrast, if the actual boundary tracer concentration depth profile is measured, C at any depth x will be smaller than for a stationary boundary, while the tracer concentration gradient will be larger. In this case, a lower value for the grain boundary diffusivity would be inferred.
In both the Fisher and the moving boundary analyses, a linear relationship between ln C and x is predicted. Consequently, the general "shape" of the concentration-depth profile provides no indication of whether the boundary was stationary or mobile during the diffusion anneal.
In the moving boundary case, the slope of a ln C versus x plot is boundary velocity dependent, i.e., a1n c/ax = -(v)i. Therefore as v increases, aln C/ax becomes more negative, or equivalently, the concentration gradient steepens. In the Fisher solution, aln C/ax « -(1/WDb)!. Thus, an increase in aln C/ax due to boundary migration would be interpreted as a decrease in WDb. If diffusivities are analyzed from plots of a1n C/ax, the onset of grain boundary motion may reduce (WDb) to a value smaller than that which would have apparent been deduced from a stationary boundary. Although grain boundary migration may increase C at each x, the gradient in C may be reduced.
Since aln c/ax is independent of X for both the stationary and migrating boundary cases, the ratio of the slopes can be used to identify the potential effects of time, temperature, etc., on the apparent diffusivity. The ratio R of oln C/ax for the moving boundary . Plausibly, R can assume a wide range apparent stat1onary
of values, and thus grain boundary migration may be the source of considerable e~ror in estimated boundary diffusivities.
The extent to which the apparent WDb is increased or decreased will depend on the extent of migration, and thus on temperature. Fig. 4 indicates that the onset of significant grain boundary migration increases the temperature dependence of ln C (X,t). Thus, if the boundary diffusivity were determined by measuring the temperature dependence of the tracer concentration at some fixed depth X, the onset of (undetected) grain boundary migration would lead to an apparent increase in the activation energy for grain boundary diffusion.
If in contrast, boundary diffusivities are determined by examining tracer concentration depth profiles obtained at different temperatures, the apparent temperature dependence of the diffusivity will depend on that of R. When dR/dT > 0, and the boundary displacement is becoming progressively larger than (0 0 t) ~, (WD )
. is decreasing with increasing T. In this case, the apparent activation energy for boundary diffusion is lower than that for the stationary boundary. In contrast, in materials for which EAV < E~/2, where E~ is the activation energy for lattice diffusion, V/D~ decreases as T increases. Normally, the anneal time t will also be reduced as T increases. Both factors contribute to a decrease in R with increasing T, and would result in an apparent increase in EAD. In materials for which V/Di increases with T, the magnitude of the decrease in t will determine the sign of dR/dT.
In addition to temperature, the purity, grain size and grain size distribution of polycrystals will influence the extent of migration. A decrease in sample purity may have a number of effects on grain boundary diffusion. Impurity segregation will modify grain boundary chemistry and possibly alter the nature of jump processes in the boundary core.
In addition however, segregation will impair grain boundary migration through solute drag effects. Consequently, the effect of sample purity on apparent diffusivities may also reflect modification of grain boundary migration rates. Similarly, differences in grain size and grain size distribution among nominally identical specimens may have a modifying effect on the apparent grain boundary diffusivity, and contribute to scatter in reported values.
The simultaneous occurrence of grain boundary and lattice diffusion will also modify concentration depth profiles from those predicted by the present analysis. As the ratio of (D~t)! to grain boundary migration alone may well represent a major fraction of the total ~racer penetration in a wide range of situations.
In conclusion, the analysis indicates that considerable errors in both the magnitude and temperature dependence of the apparent diffusion coefficient may arise when the effects of grain boundary migration on tracer penetration are neglected. In addition to affecting the results of grain boundary diffusivity measurements, grain boundary migration may also have an important modifying effect on a broad range of kinetic phenomena during which diffusion along grain boundaries and grain boundary migration occur simultaneously. 
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